ABSTRACT Psyllium seed husk (PSH) increases stool output and lowers blood cholesterol levels in humans. PSH and three fractions isolated from it were meal-fed to colectomized rats and fermented in vitro to test the hypothesis that viscous, gel-forming fraction B was responsible for these physiological actions. Control rats were fed 50 g/kg cellulose. The concentration of each PSH fraction in the test meals was equivalent to its concentration in PSH. Yields of the fractions were: A, 171; B, 575; and C, 129 g/kg of PSH. The wet weight and moisture content of ileal excreta (IE) from rats fed test meals containing PSH or fraction B were greater than those measured in excreta from rats fed meals containing cellulose or the other two PSH fractions. Total bile acids in IE did not differ between rats fed PSH or fraction B and were greater in these groups than in the other groups. Fraction A was not fermented during 3 d of incubation; fraction B was poorly fermented, with ϳ30% of the constituent sugars disappearing; and fraction C was rapidly and nearly completely fermented. These results indicate that the gel-forming fraction we isolated from PSH is the physiologically active component of the husks. J. Nutr. 132: 2638Nutr. 132: -2643Nutr. 132: , 2002.
Psyllium seed husk (PSH)
2 is well-known as a laxative (1) . Like other fiber-based laxatives, PSH increases stool weight (1) . In addition, when defecation frequency is Ͻ 1/d and gastrointestinal transit time is Ͼ 3 d, PSH normalizes these measures of large bowel physiology to ϳ1 bowel movement/d and a transit time of 2-3 d (2) . Unlike most other fibers that affect large bowel physiology (3) , PSH increases the concentration of water in stool and produces a "slick" stool that is easy to pass (4 -8) . PSH is also an atypical fiber laxative because it is largely a soluble fiber. Most soluble fibers are completely fermented in the colon (9) and have little effect on stool weight and laxation (1) .
More recently, PSH has been shown to lower blood cholesterol concentrations (10) . Several mechanisms have been proposed to explain how certain dietary fibers lower blood cholesterol concentrations (9, 11) . Many cholesterol-lowering fiber sources are viscous, and one proposed mechanism is that this viscosity interferes with bile acid absorption in the ileum (9, 11) . To replenish the pool, the liver draws LDL cholesterol from the blood as the substrate for bile acid synthesis, thereby lowering blood cholesterol levels. PSH has been shown to increase bile acid excretion in human ileostomate output, which is consistent with this proposed mechanism of action (12).
We recently isolated a gel from the stool of humans who had consumed PSH (8) . The majority of the stool collected during the PSH phase of this study was gelatinous, and subjects reported that output was slippery or slick. The gel fraction isolated from stool was 75% carbohydrate; most of this carbohydrate was xylose (64%) and arabinose (27%), the same two sugars that account for the majority (79%) of the carbohydrate in PSH. We proposed from this study that the gel isolated from stool was responsible for the emollient properties and greater water content of PSH-containing stools (8) . No comparable fraction was isolated from stool when the subjects consumed the same controlled diet, but without the PSH supplement.
In a separate set of experiments, a fractionation scheme was developed that recovered three fractions from PSH (13) . One fraction consisted of insoluble material that accounted for 15-20% of PSH; a second fraction was a gel-forming material that accounted for 55-60% of PSH, and the third fraction was a viscous, but not gel-forming component that accounted for 10 -15% of PSH.
Our overall objective was to determine whether one of these fractions was responsible for the physiologic responses observed when intact PSH is consumed. Thus, the experiments evaluated the amounts of the fractions that were present in the intact PSH. We tested two hypotheses that emphasized the gel-forming fraction. We proposed that the gel-forming fraction of PSH was not fermented and as the largest fraction of PSH, was responsible for the increased stool moisture when PSH is consumed. Second, we proposed that this gel-forming fraction of PSH increased ileal bile acid excretion.
from each rat and analyzed for moisture and total bile acid contents. Moisture in IE was the indicator of the effect of PSH and fractions on stool moisture. IE were analyzed instead of feces to avoid the microbial modification of bile acids that normally occurs in the large intestine.
The gel-forming fraction would have to be either not or very poorly fermented for it to function as an emollient in the large intestine. Fermentation of PSH and its fractions was evaluated in vitro. Aliquots of psyllium husk, the 3 fractions, or a mixture of the fractions in proportion to their concentration in PSH were fermented for 0 -72 h in the presence of veal infusion broth and yeast. Total short-chain fatty acids (SCFA) and disappearance of fiber-derived sugars were measured in terminated fermentations. Protocols for the animal experiments were approved by the College of Agricultural and Life Sciences Animal Care Committee, University of WisconsinMadison.
Test materials. PSH (donated by The Procter and Gamble Company, Cincinnati, OH) was fractionated as described (13) . Briefly, dry, ethanol-extracted ground husk was treated with alkali. The insoluble material that was recovered by centrifugation at 23,500 ϫ g was fraction A. The pH of the supernatant was adjusted to 4.5 with glacial acetic acid and centrifuged at 25,500 ϫ g. The gel mass so recovered was fraction B. The supernatant produced during the previous step was poured into 95% ethanol to a final concentration of 70%. The precipitate that formed was recovered by centrifugation at 23,500 ϫ g and was designated fraction C. Aliquots (n ϭ 80; 4 g each) of PSH were fractionated, ground with mortar and pestle and combined for the in vivo and in vitro experiments.
In vitro fermentation of psyllium husk and fractions. The procedure for in vitro fermentation has been described (14). The carbohydrate substrate for fermentation consisted of 139.5 mg provided by veal infusion broth (providing 56.7 mg carbohydrate) (Difco Laboratories, Detroit, MI) and yeast (providing 82.8 mg) (Difco) in the buffers (14) and 235 mg provided by the test material. The content and composition of the carbohydrate in the yeast and veal infusion broth were determined by analysis. To provide 235 mg of carbohydrate, 261 mg of PSH, 280 mg fraction A, 244 mg fraction B, 256 mg fraction C and 258 mg of the recombined fractions were combined with the buffers for fermentation.
Inoculum consisted of cecal contents of rats fed PSH. Male retired breeder rats (n ϭ 23; Harlan Sprague Dawley, Indianapolis, IN), initially weighing 490.8 Ϯ 6.0 g (mean Ϯ SEM), were individually housed in wire-bottomed cages in a room with a temperature of 28°C and humidity of 44% that was dark from 2000 to 800 h and allowed free access to pelleted commercial diet (Teklad Rodent Diet W, 8604, Harlan Sprague Dawley, Madison, WI) and water. Rats consumed powdered experimental diet and water ad libitum for 12 d before killing to adapt microflora to the fiber substrate (14). Mean rat weight at the start of the experimental diet was 520.7 Ϯ 6.7 g and at the end of the 12 d, 546.1 Ϯ 6.7 g. The diet was the AIN93M diet (15) , modified to contain 80 g/kg fat (50 g/kg soy and 30 g/kg corn oils), 150 g/kg sucrose and 50 g/kg ground PSH. The additional oil and sucrose were incorporated into the diet at the expense of cornstarch and the PSH in place of cellulose.
Rats that had not been deprived of food were killed at 800 h with carbon dioxide. The cecum was exposed through a midline incision and immediately tied off before removal from the carcass (14). Ceca were passed into an anaerobic chamber where they were opened, and contents were expressed into a beaker of buffer and mixed with a magnetic stir bar. Mixed cecal contents were filtered through a 150-m screen with modest pressure applied by a rubber policeman. Contents of 23 ceca were in a final volume of 600 mL of buffer. Inoculum (7.5 mL) was added to each fermentation flask (14).
Each substrate was fermented in duplicate for each specified time. In addition, duplicate control flasks were fermented that contained the amounts of veal infusion broth and yeast in each test flask. PSH, the proportionally combined fractions, fraction B, and control flasks were fermented for 0, 12, 24, 48 and 72 h. Fractions A and C were fermented for 0, 12, 24 and 48 h. Aliquots (4 mL) of fermentate were taken for SCFA analysis at the end of fermentation, and fermentation was terminated by freezing immediately after removal from the anaerobic chamber (14).
Colectomized rat experiment. Male rats (n ϭ 9; Harlan Sprague Dawley), mean initial body weight of 160.8 Ϯ 1.9 g, were allowed free access to powdered purified diet and water. They were housed as described above, except that the room was dark from 800 to 2000 h. The diet was the AIN93G diet with cellulose as the dietary fiber and modified in fat and sucrose contents as described above. Approximately 2 wk later, the cecum and entire colon were surgically removed using the procedure of Lambert (16), as described (17). Mean body weight of food-deprived rats at surgery was 247.6 Ϯ 4.1 g.
Postoperative recovery and performance of the rats were similar to our previous experience (17,18). Ileal excreta was soft and formed by 4 -5 d postoperative, and preoperative body weight was achieved 7-10 d after surgery. Postoperatively, rats had free access to an electrolyte solution (17) for 6 d and to a nutritionally complete liquid diet (Ensure with fiber, vanilla flavor, Ross Products Division, Abbott Laboratories, Columbus, OH) for 7 d. Rats also had access to powdered purified diet ad libitum from postoperative d 4. Mean body weights of the rats were 296.2 Ϯ 5.8 g at the start of the test meals and 331.7 Ϯ 6.3 g at the end of the test meals.
Rats were deprived of food overnight before administration of the test meal at ϳ800 h. The test meals consisted of AIN93G diet, modified in fat and sugar contents as described above, but without cellulose; 6 g/kg of chromic oxide was added at the expense of starch. To this diet was added the test fiber. Meals of PSH, combined fractions and cellulose contained 50 g/kg of the fiber source. Meals of the individual fractions contained the proportion of the fraction that would have been provided by 50 g/kg of PSH. The meals consisted of ϳ5.0 g of diet and distilled water for a final slurry volume of 14 -16 mL. Rats were randomly selected to be administered a different test meal 1-2 times/wk until 6 rats had received a particular test meal. They consumed the modified AIN93G diet containing cellulose ad libitum during the 3-to7-d intervals between test meals.
Meals were administered to lightly anesthetized rats using an infant feeding tube (# 8 Fr, product #3641, Davol, Cranston, RI) connected to a 30-mL syringe containing the meal. The syringe and tube were weighed before and after meal administration to determine the amount of test meal given to each rat. Rats were placed in restraining cages, as described (17), to permit complete collection of IE, which was labeled day collection. Ileal output was collected hourly and frozen as collected during the day. Rats were returned to their regular cages after 12 h and allowed unrestricted access to the modified AIN93G diet containing cellulose. Any chromium-marked excreta were collected the following morning and labeled overnight IE. Day and overnight collections were weighed and lyophilized to determine dry weight.
Analyses. Neutral and amino sugars in the fermentates, veal infusion broth, yeast, PSH and PSH fractions were measured by the method of Kraus et al. (19) , as modified (20) . Duplicate samples (10 -25 mg) were acid-hydrolyzed, neutralized, reduced and derivatized to the alditol acetate forms. Derivatized samples were analyzed by gas-liquid chromatography (GLC) using a flame ionization detector and a fused silica column (20) . Response factors were determined and applied to results to account for hydrolysis and derivatization losses. Sugars are expressed as their anhydrous forms (19) . Total uronic acid content was determined using a colorimetric assay (21) with galacturonic acid as the standard. The crude protein contents were determined as Kjeldahl nitrogen multiplied by 6.25. The ash contents were determined by heating an aliquot at 450°C for 24 h.
At each time point, the amounts of each sugar remaining in the control fermentate were subtracted from the amount of the same sugar in the experimental fermentate to provide the measure of fermentation of the sugars in the test materials. These corrected values were then subtracted from the amounts of the sugars in the test materials present at time zero and the result expressed as a percentage of the amount of test sugar in the flask at time zero to obtain disappearance of each sugar.
SCFA were measured by GLC as previously described (14). Samples were extracted by the method of Rémséy and Demigné (22) . The amounts of the six fatty acids detected (acetate, propionate, i-butyrate, n-butyrate, i-valerate and n-valerate) were summed to give total SCFA.
Total bile acid content of IE was determined enzymatically (Sigma Data are reported as the mean Ϯ SEM. Differences among experimental groups were determined by one-way ANOVA using SAS computer software (release 6.12; SAS Institute Inc, Cary, NC). Significant differences were identified by the least significant difference means separation test. Differences were significant at P Ͻ 0.05.
RESULTS
Fraction B was the major fraction isolated from PSH ( Table  1) . Yields of fractions A and C were Ͻ 20% of the husk. Xylose and arabinose, the major sugars in PSH, were the major sugars in fraction B; the primary sugar in fraction A was arabinose and in fraction C, it was xylose. Most of the mannose, galactose and glucose in PSH was recovered in fraction A. Fraction C contained most of the rhamnose and uronic acid in PSH.
The experimental fermentation flasks at time zero contained ϳ2000 mol carbohydrate, and the composition of the carbohydrate reflected the composition of the test materials ( Table 2) .
The gel-forming fraction, fraction B, was poorly fermented throughout the 3 d of fermentation (Fig. 1) . Of fraction B sugars, 22% disappeared by 48 h and 29% by 72 h. Most of fraction C sugars (86%) disappeared by 24 h of fermentation. Alkali-insoluble fraction A remained essentially unfermented throughout the 48-h test period. The PSH and combined fractions were fermented to similar extents. By 24 h, 28 -33% of the sugars in these two fractions had disappeared; disappearance of the carbohydrate in these two substrates gradually increased to 38 -43% by 72 h. Disappearance of arabinose, one of the two main sugars in PSH, reflected total sugar disappearance, although its disappearance from fraction B fermentations was less than what was observed for total sugars (Fig. 2) . Of the arabinose in fraction B, 8 -11% was fermented during the first 48 h, which increased to 19% by 72 h of fermentation. Of the arabinose in fraction C, ϳ75% disappeared by 48 h, and none of the arabinose in fraction A was apparently fermented; 15-20% of the arabinose in PSH and the combined fractions disappeared by 48 h and no further fermentation of this sugar occurred during the final 24 h fermentation of PSH and combined fractions.
More xylose in fraction B was apparently fermented than arabinose; 23% of the xylose disappeared by 48 h and 29% by 72 h (Fig. 3) . More than three fourths (78%) of the xylose in fraction C disappeared by 24 h, which increased to 82% by 48 h. Of the xylose in fraction A, 25% was apparently fermented, although xylose was a very small proportion of the total sugars (3.3%) in the fraction A fermentations. Apparent fermentation of xylose in PSH and the combined fractions reached 46 -48% after 48 h of fermentation and did not increase during the last 24 h of fermentation. Total SCFA production was greater initially in the combined fractions and fractions A and C, compared with the other test materials, although by 48 h, the amount of SCFA was greater in the fraction C fermentates than in all of the other materials fermented (Fig. 4) . At 48 and 72 h, SCFA production in the PSH, combined fractions and fraction B was not different from what was produced by fermentation of the veal infusion broth and yeast alone.
The output of IE was significantly greater from rats fed test meals containing 5% PSH or 3.5% fraction B than from those fed meals containing 5% cellulose, 1.6% fraction A or 1.3% fraction C ( Table 3) . Rats fed the 3.5% fraction B test meal had less output than those fed 5% PSH. Differences in dry output of IE among the groups were not as large and not always significant. The moisture contents of IE of rats fed test meals containing 5% PSH or 3.5% fraction B were greater than those of the other 3 groups and were not different from one another. The concentrations of bile acids in IE of rats fed the PSH or fraction B test meals were not different from one another, and both were significantly greater than the concentration of bile acids in IE from rats fed meals containing cellulose or fractions A or C.
DISCUSSION
The results of these experiments strongly suggest that viscous fraction B is the primary active component of PSH that interferes with bile acid absorption and holds water in colon contents; the gel-forming fraction B fed at 3.5% of the test meal was as effective as the unfractionated PSH fed as 5% of the test meal. Bile acid excretion during the PSH or fraction B test meals was about twice the amounts produced by test meals containing fractions A or C, and ϳ3.5-4 times bile acid excretion when cellulose was the test fiber.
The cholesterol-lowering feature of some dietary fibers has been related to SCFA produced by fermentation of the fiber in the large intestine, certain amino acids found in protein that may be present in the fiber source, lipid-soluble components, e.g., tocotrienols, which have been shown to inhibit cholesterol synthesis and are present in the lipid fraction of some fiber sources, and viscosity of some fiber sources that has been proposed to interference with bile acid absorption, cholesterol absorption and/or composition of the bile acid pool (9, 11) .
The results of our study, which largely eliminated any effects of SCFA by using a model in which the major sites of SCFA production, i.e., cecum and colon, were removed, indicate that significant changes in bile acid excretion can occur in the absence of increased SCFA. Further, we found no measurable fat in PSH (13) and only minor amounts of crude protein in fraction B. These two findings suggest that a particular protein or amino acid, or lipid-soluble constituents are unlikely to be responsible for the cholesterol-lowering ability of PSH.
We measured bile acid excretion because it is a direct outcome of consuming a viscous fiber source (9, 11) . Stable isotope-labeled bile acids have been used to demonstrate that interference with ileal bile acid absorption is a primary mechanism by which oatmeal and bran (25) and psyllium (26) alter sterol balance and effect lower LDL cholesterol levels in the blood. Oat bran (27) and PSH (12) also increased bile acid excretion in human ileostomy output. Excreta from colectomized rats, in which the cecum and entire colon were removed surgically, were used to measure the extent of bile acid excretion because increased amounts of bile acids exiting the ileum may or may not be reflected in stool; up to half of the steroids entering the colon may be metabolized to compounds not measured during fecal sterol analysis (28, 29) . We showed previously that the bacterial population of IE from colectomized rats is low, ϳ20% of what is detected in rat feces (18) . Our findings are consistent with the hypothesis that gelforming fraction B in the amounts in which it is normally present in PSH is responsible for the increased bile acid excretion. Fraction C, because it is viscous, may increase ileal bile acid loss, but we found no effect when an amount equivalent to that in PSH was tested.
Gel-forming fraction B would have to remain largely unaltered by the microflora to function as an emollient in the large intestine. The relatively low and similar levels of sugar disappearance when PSH, the combined fractions or fraction B were fermented contrasts with the high level of disappearance of the sugars in fraction C. The observation that gel-forming fraction B was poorly fermented by microflora adapted to PSH as a substrate is consistent with its proposed role in the colon and with our previous isolation of a gel from the stool of humans consuming PSH (8) . In that study, stool containing PSH was largely a gelatinous mass. The rapid and relatively complete fermentation of fraction C indicates that fraction C would not be present for any substantial period of time to modify colon contents. Fraction A was essentially not fermented. This fraction is isolated as an insoluble material that does not solubilize in an aqueous medium and thus is not viscous (13) . Carbohydrate disappearance during fermentation of the combined fractions and intact PSH was similar to what was observed when fraction B was fermented because they contain only small amounts (Ͻ13%) of the fermentable component of PSH, i.e., fraction C.
We observed few differences in total SCFA production among PSH and its fractions. The greater SCFA production during fermentation of fraction C is consistent with its rapid and relatively complete fermentation assessed by disappearance of its sugar components. Comparability of SCFA production during fermentation of other substrates is a reflection of the fermentation of the basal substrate, veal infusion broth and yeast, and the poor fermentation of fraction B either alone or as part of PSH or combined fractions, which contain not only fraction B, but also negligibly fermented fraction A. Rat IE contain more moisture (60 -75%) (18) than rat feces, which range from 12 to 55% (30 -32) and vary with diet and collection conditions. Neither is comparable to the moisture content of human stool, 70 -75% (1). Moisture contents of IE collected from rats fed test meals containing cellulose or fractions A and C (60 -65%) were similar to what was reported previously (16) and substantially less than the 86 -90% moisture content of IE from rats fed PSH or fraction B. PSH is an atypical fiber source in that it increases the concentration of water in human stool (4 -8) . The significant increase in moisture content of IE when fraction B was in the test meal is consistent with our conclusion that fraction B is the physiologically active component of PSH. This is further supported by the fact that fraction B had the same effect on excreta moisture content as the larger dose (5% of the test meal) of PSH.
Structural studies of fraction B have not identified the features that would limit its fermentation. Previous research suggests that a gel isolated from PSH is a highly branched arabinoxylan (33-35). Xylose forms the backbone of the polysaccharide, but it is also found in the side chains (34) . In contrast, arabinose is found only in the side chains. More xylose than arabinose was fermented during our in vitro fermentation study. However, both sugars were fermented less effectively than when present as constituents of the much more extensively fermented arabinoxylans in oats and wheat. For example, 50 -80% of the arabinose and 70 -85% of the xylose in the arabinoxylans in oats and wheat are fermented in vivo in humans (36) . We propose that bacteria ferment the xylose in the linear chain and small amounts of the xylose and arabinose in the side chains of PSH until an atypical branch point is reached. We suspect that these atypical side chains have some unique feature in their linkage to the main chain or in their stearic interaction with another side chain or with the main chain that limits microbial enzymatic access to the linkage.
